INTRODUCTION
The parvoviruses are a group of small, DNA-containing viruses which infect eukaryotic cells. These viruses have been isolated from a wide variety of hosts but their properties are strikingly similar. The autonomous, non-defective parvoviruses are characterized by a small icosahedral protein capsid (18 to 28 nm in diam.) (Karasaki, 1966; Singer & Toolan, 1975) which encloses a single-stranded DNA genome of mol. wt. 1.35 x 10 6 to 1.7 x 10 6 (Rose, 1974) . The protein component of the viruses consists of the more abundant (but smaller) VP2', which can be proteolytically cleaved to VP2 in the mature virus, and the less abundant (but larger) VP 1 (Kongsvik et al., 1978) . The virus particles are further characterized by their stability to a wide range of disruptive treatments including heat and detergent, and by their ability to agglutinate red blood cells (Tattersall, 1978) .
Immunofluorescent staining of mammalian ceils infected by H-1 parvovirus exhibits a rather uniform distribution of virus-specific staining in the nucleus (Singer, 1974; Handa et aL, 1978; Tattersall, 1978) . Immunoelectron microscopic experiments show that this pattern is due to the localization of virus antigens in the marginated heterochromatin (Singer, 1974 (Singer, , 1976 , and the presence of capsids upon strands of euchromatin (Singer & Toolan, 1975) .
Recently, a parvovirus has been identified with a virus disease of dogs (Carmichael et al., 1980) . This canine parvovirus (CPV) appeared nearly simultaneously in many areas around the world. The classification of this virus as a parvovirus is based for the most part on electron microscopic analysis (Else, 1980) , the ability of the virus to agglutinate red blood cells (Appel et al., 1979a; Johnson & Spradbrow, 1979; Gagnon & Povey, 1979) , the resistance of the virus to heat, pH 3 and ether (Johnson & Spradbrow, 1979) , and the considerable reactivity of the virus antigens to antibodies raised against feline panleukopenia virus (FPV; Johnson & Spradbrow, 1979) . The symptoms of the virus disease in dogs have many similarities to the disease caused by FPV, and it has been suggested that CPV may have evolved from the feline virus (Wilson, 1980) . The disease in dogs is usually characterized by either gastric enteritis or myocarditis. Although these symptoms are usually observed I,. R. PARADISO, S. L. RHODE AND I. I. SINGER separately, there is some evidence which suggests that they are caused by the same virus (Hayes et al., 1979; Lenghaus & Studdert, 1980) .
In the present study, we have characterized in detail a strain of canine virus derived from a diseased dog. A plaque assay was developed, and the virus was plaque-purified. Virus stocks were then grown and the virus purified. Detailed biochemical and morphological studies of the virus and of virus-infected cells indicate that it is in fact a single-stranded DNA-containing virus with properties consistent with its classification as a parvovirus.
METHODS

Materials.
Canine parvovirus strain 780929 and dog anti-CPV sera (D802) were obtained from Dr L. Carmichael (Cornell University, Ithaca, N.Y., U.S.A.). The simian virus 40 (SV40)-transformed dog kidney (DKSV) cells were from Mr R. G. Dumas (University of South Dakota, Vermillion, S.D., U.S.A.). Fluorescein-conjugated rabbit anti-dog IgG (heavy and light chains) was from Cappel Laboratories (Cochranville, Pa., U.S.A.). Autopow Eagle's minimal essential medium (AP-EMEM) was from Flow Laboratories.
Plaque assay. Petri dishes (60 mm) were seeded with 4 x l0 s to 5 x l0 s DKSV cells in AP-EMEM plus 5% foetal calf serum (FCS) and grown for 16 to 24 h at 37 °C. Subconfluent monolayers were infected with 0.1 ml of virus dilution in HEPES-buffered AP-EMEM plus 5% FCS. After adsorption at 37 °C for 30 to 60 min the monolayers were overlaid with 10 ml 0.9 % agarose in AP-EMEM plus 10% FCS and then incubated at 37 °C for 5 to 6 days. The cells were stained with 3 ml 0.02 % neutral red in Hanks' balanced salt solution for 24 h at 37 °C, and the plaques counted.
CPV growth and purification. CPV strain 780929 was plaque-purified three times in DKSV cells and a stock produced with a titre of 3.7 x 10 7 p.f.u./ml. For large-scale virus production, Costar plastic roller bottles (850 cm 2) were seeded with 2 × 10 7 DKSV cells in 200 ml AP-EMEM plus 5% FCS. After 16 to 24 h at 37 °C, subconfluent monolayers were infected with 50 ml plaque-purified virus at 2 x 106 p.f.u./ml with the medium adjusted to pH 7. After 30 min at 37 °C an additional 150 ml of medium was added. After 3 days an additional 50 ml of medium was added. Cytopathic effect developed after 5 days and was complete after 6 days, at which time the cells were harvested. Virus was released from the cells by repeated freeze-thawing at pH 8.5 and purified by precipitation with polyethylene glycol and CsC1 density banding as described elsewhere for the H-1 parvovirus (Paradiso, 1981) . S1 nuclease digestions. S 1 nuclease digestions were performed as described by Zechel & Weber (1977) , which allowed disruption of the virus in SDS followed by the nuclease digestion in the presence of excess bovine serum albumin (BSA). Virus or purified DNA samples were made to 0-5% SDS in 10/zl and boiled for 3 min. After cooling, 10 pl of a solution containing 0.1 M-sodium acetate pH 4.6, 3 mM-ZnSO4 and 1 mg/ml BSA was added, followed by 4 /.tl of S1 nuclease (57 U/ml) in 50 mM-sodium acetate pH 4.6, 1 mM-ZnSO 4. After 10 min at 37 °C, the reaction was stopped by adding 25 /11 of disruption buffer (25 mM-EDTA, 2.5% SDS, 0.0125% bromophenol blue and 40% glycerol) and heating to 65 °C for 5 min. The samples were electrophoresed on a 1-6 % agarose gel, stained with ethidium bromide (1 h in a 0.5/ag/ml solution) and photographed.
Immunofluorescence microscopy. DKSV cells growing on glass coverslips in 16 mm diam.
Costar cluster wells were infected with CPV at an m.o.i, of 15. At various times (12 to 40 h) post-infection the coverslips were washed with Hanks' balanced salt solution and fixed with methanol for 1 min at -20 °C. Indirect staining of virus antigens was performed with dog anti-CPV serum (diluted 1:5 with phosphate-buffered saline) followed by FITC-conjugated rabbit anti-dog IgG. The cultures were studied with an American Optical epi-illumination fluorescence microscope using a ×40 objective lens. The percentage of fluorescent-positive nuclei was determined for a minimum of six microscopic fields for each of the sampling periods.
Electron microscopy. CPV samples (50/~g/ml) purified through two CsC1 gradients were negatively stained by touching glow-cleaned carbon-Formvar-coated 400-mesh copper grids to a droplet of purified virus suspension, followed by the application of a thin film of 0.5 % uranyl acetate pH 3.9. Coverslip cultures of CPV-infected DKSV cells prepared as above were fixed in 4% glutaraldehyde and 1% OsO4 as described previously (Singer & Rhode, 1977) . The monolayers were embedded in situ with Epon 812, and the hardened resin separated from the coverslip. Ultrathin sections were cut parallel to the plane of the monolayer and stained with uranyl acetate followed by lead citrate (Reynolds, 1963) . These samples were studied with a JEM-7 electron microscope calibrated immediately before use with a diffraction grating replica (54 864 lines per inch; Ladd Research Industries, Burlington, Vt., U.S.A.).
RESULTS
Plaque assay
A plaque assay for CPV was developed by using the methods devised in our laboratory for optimizing the plaque assay for H-1 under a variety of temperatures. A similar approach was used successfully to plaque FPV (Siegl & Kronauer, 1980) . A number of cell lines was screened for suitability and they included canine fibrosarcoma A72, MDCK (Madin-Darby canine kidney), NFKC (Norden feline kidney), Vero (green monkey kidney), CV-I (green monkey kidney), canine thymus (ATCC 1430) and DKSV cells. The latter two gave plaques with CPV. The DKSV (SV40-transformed canine dog kidney) cell line gave the highest titres and reproducibility for our strains of CPV. The CPV acquired from Dr L. Carmichael was distinguishable from fresh field isolates because its plaques were larger and developed a day earlier (Fig. 1) . As with the other autonomous parvoviruses, the plaques of CPV varied in size, despite repeated plaque purification, and their margins were not discrete. In the remainder of this report we have used the CPV strain 780929 that was plaque-purified three times.
Immunofluorescence microscopy
Immunofluorescence microscopy of CPV-infected DKSV cells revealed that most of the virus antigens were concentrated in the nucleus with little cytoplasmic staining (Fig. 2 ). The nuclear fluorescence was homogeneously bright, except at the nucleoli which appeared unstained. Mock-infected cultures stained in this way did not exhibit fluorescent-positive nuclei.
To follow the time-course of virus antigen synthesis, CPV-infected DKSV coverslip cultures were fixed at 12, 16, 18, 24 and 40 h post-infection, and the percentage fluorescent nuclei was determined for each of these periods. A sharp rise in CPV antigen synthesis and accumulation was observed from 12 to 24 h post-infection with no further increases seen by 40 h post-infection (Fig. 3) .
Electron microscopy of CPV-infected DKSV cells
By 18 to 24 h post-infection thin sections through the nuclei of infected DKSV cells revealed severe pathological effects. The heterochromatin had become very condensed and was localized at the nuclear membrane (Fig. 4 a, arrows) . Euchromatic material and many virus particles were evenly distributed throughout the rest of the nucleoplasm (Fig. 4 a) . The nucleoli were composed mostly of ribonucleoprotein granules surrounded by a cap of nueleolar-associated chromatin (Fig. 4 a) . Material forming the nucleolar fibrous centres had (780929) at 7 days; (e) CPV field isolate at 6 days; (d) CPV field isolate at 7 days. The field isolate was from a faecal specimen of a suspected case in Bennington, Vt., U.S.A. provided by Dr G. Glanzberg. Approximately 5 g of specimen was diluted with 10 ml 50 mM-tris pH 7.6, 1-4 M-NaCI, 1 mM-EDTA and clarified by low-speed centrifugation. The supernatant was sterilized by membrane filtration and dilutions made for plaque titration. The faecal extraction contained 2 x 108 p.f.u./ml. The virus was confirmed to be CPV by immunofluorescent staining of infected DKSV cells with CPV antisera. The plaque assay was conducted as described in Methods.
become very condensed and fragmented, leaving vacuoles within the altered nucleoli (Fig.  4b) . Much of this condensed fibrous nucleolar component was found extruded from the nucleolus (Fig. 4 a, arrowheads) . Both heavily and lightly stained virions were associated with the euchromatin fibres (Fig. 4 e) .
Purification and buoyant density analysis of CPV
CPV was purified by the method described previously for the H-1 parvovirus (Paradiso, 1981) . Analysis of the purified CPV on a CsCI gradient can be seen in Fig. 5 . The majority of the virus banded at 1.44 g/ml with an apparent shoulder at a density of 1.420 to 1.425 g/ml. There were not two distinct peaks on this gradient which would correspond to the 'heavy full' and 'light full' virus forms which have been observed in other parvovirus populationS. However, in other preparations of CPV, the second peak has been more distinct and may represent a light full virus form that is not sufficiently different in density compared to heavy full virus to be further separated by this method. 
Electron microscopy of negatively stained virions
Negatively stained preparations of purified CPV from CsC1 gradients exhibited two types of particles: those which excluded the stain from their centres (Fig. 6, arrow) and those into which the stain penetrated (Fig. 6. arrowhead) . The particles which excluded stain are predominant in this micrograph and may represent full, as opposed to empty, capsids. The particles ranged from 23.3 to 26.6 nm in diam. and have the characteristic icosahedral appearance which is representative of the parvovirus morphology.
CPV protein
The proteins comprising the capsid structure of CPV were analysed by SDS-polyacrylamide gel electrophoresis ( S D S -P A G E ) and Coomassie Brilliant Blue staining. As can be seen in Fig. 7 , lane 5, CPV contains the three capsid proteins VP1, VP2' and VP2 (in descending order by size) which are characteristic of the autonomous parvoviruses. For the purpose of comparison, minute virus of mice (MVM) empty capsids (lane 7), H-1 empty capsids (lane 6) and H-1 full virus (lane 2) were run along with CPV. Using the protein standards (lane 1) and the MVM and H-1 proteins as markers, the mol. wt. of the C P V proteins were calculated to be 82.3 x 103, 67.3 x 103 and 63.5 x 103 for VP1, VP2' and VP2 respectively.
One of the distinguishing characteristics of the parvovirus capsid is that VP2 is formed as a result of a proteolytic cleavage of VP2', which occurs in vivo after the full virus is assembled. This conversion of VP2' to VP2 can be mimicked in vitro by a number of proteases including trypsin and chymotrypsin. This characteristic was also found to be true of the CPV capsid, W h e n C P V w a s t r e a t e d with t r y p s i n at 37 ° C (Fig. 7, lane 4) there was a cleavage of V P 2 ' to V P 2 ( c o m p a r e d to undigested C P V ; Fig. 7 , lane 5) s u c h t h a t V P 2 was t h e n the m a j o r c a p s i d protein. 
CPV DATA
Replicative form (RF) CPV D N A was analysed in the following way. DKSV cells were infected with CPV and labelled at 18 to 24 h post-infection with ~H-labelled thymidine and the D N A was extracted by the method of Hirt (1967) . The extracted DNAs, along with a duplicate H-1 preparation (grown in NB cells) were analysed by agarose gel electrophoresis and fluorography. As can be seen in Fig. 8 , the pattern of virus-specific D N A was very similar in CPV-and H-l-infected cells. The RF band in the CPV preparation appears to migrate slightly faster than the H-1 R F D N A but this difference is very small and not detectable in the dimer RF (diRF) molecule. The band appearing between the R F and diRF molecules is a virus-specific D N A of as yet unknown structure or function (Rhode, 1982) .
CPV virus D N A , as well as CPV R F D N A , was also studied by agarose gel electrophoresis and ethidium bromide staining (Fig. 9 ). The CPV D N A can be seen in lane 5. For comparison, H-1 D N A was run in lane 3. The CPV virus D N A migrated slightly slower than the H-1 virus D N A which probably reflects a structural rather than a size difference since the R F D N A from these two species were very similar in size (see Fig. 8 ). In order to determine if the CPV D N A was single-stranded, we tested its mobility after lysis of virions at 65 °C for 1 h (non-denaturing) or 100 °C for 3 min (denaturing). The mobility was the same for both lysis conditions (data not shown). CPV D N A was also examined for its susceptibility to digestion with S 1 nuclease under conditions which permit the digestion of only single-stranded DNA. . PAGE of CPV proteins. Purified CPV was analysed on a 10% polyacrylamide gel as described by Laemmli (1970) . Lane 1, protein standards: phosphorylase a (92K), bovine serum albumin (68K) and ovalbumin (43K); lane 2, untreated H-1 virus; lane 3, full H-1 virus after digestion with 30/~g/ml trypsin for 2 h at 37 °C; lane 4, CPV after digestion with 30/~g/ml trypsin for 2 h at 37 °C; lane 5, untreated CPV; lane 6, H-1 empty capsid; lane 7, MVM empty capsid. The VP1 and VP2' are too light to be seen in lane 3 but the susceptibility of H-1 to trypsin is well documented (Kongsvik et al., 1978; Paradiso, 1981) , and is the same as that seen with CPV (lane 4). In the present study we have performed a detailed morphological and biochemical characterization of a putative parvovirus which has been implicated as the causative agent in the recent outbreaks of gastroenteritis and myocarditis in dogs (Appel et al., 1979 b; Hayes et aL, 1979) . Our electron microscope and immunofluorescent microscope studies of CPV-infected DKSV cells provide strong confirmation that this agent is a parvovirus. Negatively stained particles from purified preparations were 23 to 26 nm in diam., which appears to be the characteristic size range of parvoviruses (Karasaki, 1966) . The distribution of intranuclear CPV antigen was relatively homogeneous and similar to that observed in a number of other parvovirus systems (H-l: Singer, 1974; AAV: Johnson et al., 1972; Handa et al., 1978; MVM: Tattersall, 1978) . We did, however, observe that the nucleoli were apparently antigen-negative in cells fixed with strong organic solvents such as acetone or methanol. This distribution seems to be an artefact caused by the use of . S1 nuclease digestion of CPV DNA. CPV DNA and control DNAs were analysed for single-strandedness by digestion with S1 nuclease as described in Methods. The samples were run on a 1-6% agarose gel and stained for 1 h in 0-5/lg/ml ethidium bromide. Lanes 1, 3, 5, 7 and 9 contain the untreated DNA controls and lanes 2, 4, 6, 8 and 10 contain the DNA after digestion with S1 nuclease. non-cross-linking fixatives, because H -I parvovirus-infected human NB kidney cells fixed with formaldehyde do not have these nucleolar holes (Singer, 1974) , and in fact exhibit virus antigens localized in nucleolar-associated chromatin (Singer, 1976) . The steep rise in the accumulation of CPV antigen-positive nuclei observed from 12 to 24 h post-infection with a plateau thereafter was strikingly similar tO the kinetics of H A and p.f.u. production in H-1 virus-infected cultures (Singer, 1976) . The cytopathological effects of CPV observed at the ultrastructural level (margination of the heterochromatin, vacuolation of the nucleolar fibrous centres and extrusion of the fibrous nucleolar components, and association of virus capsids with chromatin fibres) all appear to be completely analogous to H-1 parvovirus-infected cells (Singer, 1975; Singer & Toolan, 1975 similar pathological changes in their myocardial nuclei (Hayes et al., 1979; Carpenter et al., 1980; Robinson et al., 1980) . These findings provide a firm basis for the conclusion that the cause of the recent world-wide epidemic among dogs is indeed a parvovirus agent. Structurally and biochemically, CPV is very similar to other parvoviruses. It contains a single-stranded D N A genome of approximately the same size as H-1, which is surrounded by a protein shell composed of the three proteins VP 1 (82.3 × 103), VP2' (67.3 × 103) and VP2 (63.5 × 103). The virus proteins are very similar in size and relative abundance to that seen with other parvoviruses (Peterson et al., 1978) . Particularly diagnostic of the parvovirus capsid is the general resistance of the core CPV structure to proteolytic cleavage in vitro except for the specific conversion of VP2' to VP2. Similarly, the pattern of CPV-infected cell 
